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Seismic Performance of Steel Column-Tree Moment

Connections with Tapered Beam Flanges

Student: Chun-Chou Lin Adviser: Dr. Cheng-Chih Chen

Department of Civil Engineering

National Chiao Tung University

ABSTRACT

With a prospective advantage of better quality control of the shop welding, steel
column-tree constructions are widely used in design practice of Taiwan and Japan
nowadays. These connections used:inthe column-tree system are fabricated in the shop
by welding short pieces of stub beams to the celumn. However, brittle fracturing of the
column-tree connections was observed during-the 1995 Kobe earthquake. The purpose
of this study is to develop a new scheme.of-moment connections for steel column-tree
moment-resisting frames. This connection improvement is intended to enhance the
ductility of the connection by tapering portions of beam flanges following the seismic

moment gradient.

A series of the finite element parametric study was conducted to investigate the
effect of the taper flange geometry on the connection performance. Numerical
analyses revealed that significant yielding spread around the tapered region of the
beam and took place away from the column face. Full-scale subassemblage specimens,
consisting of a typical pre-Kobe connection and six tapered flange connections, were

designed and tested to clarify their seismic performance. Experimental observations



demonstrated that the pre-Kobe specimen failed caused by a brittle fracture of the beam
flange originated from the toe of the weld access hole, whereas the specimens with the
tapered flange connection sustained a sufficient 5% rad story drift angle and resulted in
stable energy dissipation. A design procedure of the tapered flange connection,
accordingly, is proposed based on the results of the finite element analyses and
full-scale connection tests. In addition, pushover analysis of frames with tapered
flange connections was carried out. The performance of the tapered flange frames was
compared to that of the moment-resisting frames with unreinforced connections. The
results of the structural analyses demonstrated that frames with tapered flange

connections have stable inelastic performance and satisfied ductility.

Key words:  column-tree, special moment frame,. moment connection, pushover

analysis, tapered:beam. flange.
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Chapter 1. Introduction

1.1 Background

Special moment frames (SMFs) are widely used in middle- and high-rise buildings
because the structural systems are highly ductile and able to dissipate energy by
developing inelastic deformation during strong ground excitation. Typical connection
used in the moment frame is a web-bolted flange-welded moment connection, often
called “pre-Northridge connection”. Figure 1.1 presents details of this moment
connection. The beam flanges are designed to resist the beam bending moment, with
the beam web resisting the beam shear force. Therefore, the beam flanges are field
welded to the column flange by complete joint penetration (CJP) single bevel groove
welds while the beam webs are fi€ld bolted to.a shear tab which is shop welded to the
column flange. Moreover, weld-access holes (WAHSs) are required to cut on the beam

web for performing the CJP groove welds.

Unfortunately, the 1994 Northridge earthquake in United States and the 1995
Kobe earthquake in Japan caused widespread damage in these SMFs, mainly due to the
premature failure in the moment connections. Weld defect is one of the causes that
extremely affect the performance of the connections for developing their ductile
behavior. Poor field welding practice is by far the most critical that caused some

possible defects in the welds.

As an alternative to avoid field welding, a column-tree construction has been
used in the steel structural systems. The column-tree is fabricated by welding a short
piece of stub beam, generally 600 to 1,000 mm long, to the column in the shop. Unlike

the pre-Northridge connection case, the critical welding of the beam-to-column joint



is performed in the shop, which that can provide a better quality control. Those
defects caused by the field welding are intentionally reduced because of good quality
of welding in the shop. Unavoidably, the column-tree construction should be possible

to increase some handling costs.

However, several of the column-tree moment connections were damaged during
the 1995 Kobe earthquake. Many brittle fractures of the beam flanges caused by the
same failure mode as the pre-Northridge connections were still initiated from the
beam-to-column groove welds and the toe of WAHs (Nakashima et al. 1998). The
premature failures, therefore, have arisen many questions on the reliability of

column-tree moment connections for the seismic application.

1.2 Objectives of Research

The purpose of this study is to'develop a ductile column-tree moment connection,
achieving by widening the beam flange of the stub beam. A parametric study was
conducted to investigate the effects of geometrical variables of the tapered flange on the
inelastic behavior of the moment connections. Cyclic behavior of the connections was
further verified by the full-scale experiment. A design procedure is recommended based

on the results of the parametric and experimental studies.

1.3 Scope and Approach of Research

Many researchers have investigated the performance of moment connections used
for SMFs. These investigations mainly focused on connections between H-shaped
columns and H-shaped beams. However, column-tree SMFs with welded built-up box
columns are very common in Taiwan and Japan design practice. This dissertation,
therefore, analytically and experimentally investigates the cyclic behavior of the

2



column-tree moment connection with a tapered flange. The scope of the research

consisted of eight tasks as follows:

1. Develop the tapered flange connection concept and identify design parameters of

a tapered flange.

2.  Investigate the force transfer mechanism and behavior of the tapered flange

connection through nonlinear finite element analyses.

3. Investigate the geometrical variables of the tapered flange that influence the

connection behavior.

4.  Design and construct seven full-scale specimens on the basis of the results of the

parametric study.

5.  Conduct the full-scale conneétion tests.

6. Evaluate the seismic performance of moment connections with and without

tapered flanges.

7. Develop preliminary design recommendations for the tapered flange connection

used for SMFs.

8. Evaluate the structural behavior of SMFs with and without tapered flange

connections.

1.4 Organization of Dissertation

This dissertation is organized into eight chapters and a list of references. Chapter 2

evaluates the seismic performance of SMFs. Previous experimental and analytical



studies conducted on a variety of connection improvements are summarized in this
chapter. Design concept and design parameters of tapered flange moment connections

used for column-tree SMFs are also presented.

Chapter 3 presents the analytical program of the nonlinear finite element analyses.
Information on the finite element modeling, performance indicators, and material
properties are provided. Afterward a parametric study is conducted to investigate the
effects of design parameters of the tapered flange on the connection behavior. Chapter 4
presents the experimental program of the full-scale connection tests. The details of the
design of test specimens, test setup, and loading procedure are described. Test results
are presented through the hysteretic response and failure modes, the connection
moment capacity, and energy dissipation ofeach test specimen. Chapter 5 presents the
force transfer mechanism in the tapened-flange connection. Information on comparison
with simulated and experimental responses of the tapered flange specimen is also
mentioned in this chapter. Chapter 6 presents the design procedure for designing the

tapered flange. A systematic design example is described in Appendix A.

Chapter 7 presents the designs and analyses of SMFs with tapered flange
connections. Both linear elastic analysis and nonlinear static pushover analysis are
conducted to evaluate the performance of the five and fifteen-story frames under
specified seismic levels. Chapter 8 describes summary and conclusions for
beam-to-box column moment connections improved by tapered flanges. References are

listed following Chapter 8.



Chapter 2.  Seismic Performance of Special Moment
Frames

2.1 General

SMF system has been popularly used for modern steel buildings because this
structural system is simple and economical. The design philosophy of the
moment-resisting system assumes that the frame is highly ductile and is able to
dissipate large energy by forming plastic deformation at their connections under strong
ground excitation. These connections have to provide significant ductility and sustain a
story drift angle of at least 4% rad (AISC 2005a). Nevertheless, the 1994 Northridge
and the 1995 Kobe earthquakes caused serious failure in these welded moment
connections. Connections developedlimited yielding and plastic deformation followed
by a brittle fracture at the beam-to-column joints (Miller 1998; Nakashima et. al 1998).
While the connections lacked the expécted ductility, structural capability could be

significantly diminished that caused.urgently structural damage.

2.2 Review of Previous Work

Issues concerning the seismic behavior of steel moment connections have been
addressed based on extensive analytical and experimental studies since the earthquakes.
Some benefits and shortcomings regarding a variety of connection improvements, such
as strengthening the connection or weakening the beam section, are summarized in this

section.
2.2.1 Unreinforced moment connections with built-up box columns

The box column can provide a great biaxial bending capacity to resist the irregular



seismic shaking acting in both directions. Therefore, box columns and H-shaped beams
have been commonly used for modern steel buildings in some countries such as Taiwan

and Japan.

Figure 2.1 illustrates the connection details of a box column in practice. Most box
columns used in steel constructions are built-up by welding four steel plates using a full
penetration groove weld. Diaphragms (or so called continuity plates) are important to
the seismic performance of connections, because they have to transfer effectively the
beam forces to the column. However, installing such a diaphragm is inherently
difficult. A special welding process must be used to weld the diaphragms inside the box
column. First, a penetration groove weld is performed to join the diaphragm to a pair of
opposite column plates. Then the SESNET«(Simplified Electro Slag Welding Process
with Non-consumable Elevating Tip) welding process is used to weld the diaphragm to
the other pair of column plates. Figure 2.2 shows a schema of the SESNET welding. A
non-consumable nozzle, filled suitablefluxes and wires, is inserted in the narrow gaps
between the diaphragm and the column plate. Great heat, arising from a short circuit of
a high electric resistance of wires, continuously melts the intersection between base

metal and wires to achieve an objective of jointing the diaphragm and the box column.

Only limited test data concerning the beam-to-box column connections are
available. Chen et al. (2004) investigated the cyclic behavior of steel moment
connections between H-shaped beams and built-up box columns. Six large-scale
specimens were designed and fabricated using a built-up 0500x500%35%35 (mm) box
column and an H700x300x13%x24 (mm) beam. One of the test specimens was the
unreinforced connection using pre-Northridge details, and other test specimens were

the reinforced connections using rib plates and wing plates. The unreinforced



connection failed due to fracture at the CJP groove weld and near the WAH region

during the cycle of 2.3% rad story drift angle.

Kim et al. (2004) tested two full-scale moment connections to welded box
columns fabricated using pre-Northridge connection details. Test results revealed that
both specimens failed by a brittle fracture of CJP weld between the beam flange and the
column during a story drift angle of less than 1% rad, which resulted in no plastic

rotation in the connections.

2.2.2 Welded reinforced moment connections

The intention of welded reinforced moment connections is proposed to reduce
stress and strain demands in the vulnerable region near the face of the column, and to
relocate the high plastic straings into therbeéam. Figure 2.3 shows four types of
strengthening schemes commonly used for steel moment connections, including cover
plates, wing plates, rib plates, and haunches. More details are described in the

following.

The approaches of plate-reinforced connections are intended to strengthen the
joint by welding cover plates, wing plates or others. Afterward stresses in the CJP
groove welds can be reduced because the beam section near the beam-to-column joint
is enlarged. Full-scale connection tests of cover plate connections (Engelhardt and
Sabol 1998; Kim et al. 2002a, 2002b) showed significant improvement in ductility of
the connection. However, some of the test specimens experienced premature failure.
An issue based on the experimental research conducted by Engelhardt and Sabol (1998)
was raised regarding the presence of weld defects, heat-affected zones (HAZs) due to

welding, and the use of excessive reinforcement. A thicker cover plate would result in



the higher potential for weld defects and could cause HAZ problems due to the larger

weld area. Figure 2.4 displays the reinforced connections with flat wing plates (F# £. 7%

1995). Test results clarified premature crack initiation was observed at the end tips of
the weldment between the wing plates and the beam flange, due to the localized stress

concentration at the tips of the wing plates.

In a rib-reinforced connection, a tapered triangular rib plate is frequently used.
Tests conducted by Engelhardt et al. (1995) and Anderson and Duan (1998)
demonstrated that connections reinforced with tapered triangular ribs exhibited
sufficient hysteretic behavior with plastic rotation ranging from 2.5% to 3.0% rad.
Chen et al. (2005a) tested two connections reinforced by a single triangular rib welded
to the centerline of each beam flange, One connection failed owing to a brittle fracture
in the beam flange at the rib tip; while the other displayed stable hysteretic behavior.

Chen et al. (2003, 2004) and Fiz# & & A (2003) tested other rib-type connections

using modified rib plates. A single‘lengthened rib'is welded to each beam flange in the
plane of the beam web. Examining the results from the tests presented, it is obvious that
the rib-reinforced connection can provide sufficient ductility during the large
deformation, with a story drift angle of at least 4% rad and plastic rotation greater than
3% rad. Hysteretic loops demonstrate this moment connection has stable energy

dissipation capacity under cyclic loading.

Another strengthening scheme is to reinforce the beam around a connection by
welding a triangular haunch to the beam bottom flange. Ideally, the beam portion within
the haunch region would remain elastic during the large inelastic deformation, so that
the stresses in the beam flange groove welds are diminished. Because of this

strengthening, redundancy for this type of reinforced connection is much more than that
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of reduced beam section (RBS) connection. Uang et al. (2000) tested six full-scale
specimens using the welded haunch and RBS for rehabilitation of pre-Northridge
moment connections; three of them incorporated lightweight concrete slabs. Welding a
triangular haunch beneath the beam bottom flange significantly improved the cyclic

performance.

2.2.3 Reduced beam section moment connections

The design approach of an RBS connection is similar to that of a reinforced
connection. The RBS is intended to control the formation of plastification moving
away from the column face, and to diminish a possibility of brittle fracturing at the
beam flange groove welds. In RBS moment connections, portions of the beam flanges
are trimmed to force plastic hingifig'to occur at a desirable location of the beam,
whereas reinforced moment c¢onnections “are made stronger than the beam by
strengthening the connections with cover plates, ribs or haunches. The fabrication of
the RBS is simple and economical, as compated to the connection reinforcement.
However, weakening parts of the beam sections may result in reduction in elastic
stiftness of SMFs (Engelhardt et al. 1998). An RBS with small reduction in the beam
flanges may do negligible to reduce stress levels in the beam-to-column joint. On the
other hand, the RBS with excessive reduction in the beam flanges may cause premature

lateral-torsional buckling of the beam in the RBS.

Numerous studies and testing have been conducted on RBS moment connections
under cyclic loading (Plumier 1997; Chen et al. 1996, 2001; Engelhardt et al. 1998;
Popov et al. 1998; Jones et al. 2002; Zhang and Ricles 2006). These investigations
primarily focused on three different shapes of RBS cuts such as a constant cut, a radius

cut, and a tapered cut (Figure 2.5). The results from laboratory tests demonstrated that
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the RBS connection has exhibited acceptable levels of ductility. Nevertheless, small
number test data are available about the performance of this type of connection with a
welded built-up box column. Chen et al. (1996) conducted successful tests on RBS
moment connections with tapered cuts. All specimens were fabricated using a built-up
0500x500%20%20 (A572 Grade 50) box column and an H600x300x12%20 (A36) beam.
The ductility of the test specimens was significantly enhanced without a striking loss of
connection capacity, and an enlarged plastic zone was obtained in the tapered area away

from the critical CJP groove weld.

2.2.4 Improvements in connection details

Some critical factors could significantly affect the connection performance,
including weld toughness, geometry‘and size of WAH, and panel zone deformation (Lu
et al. 2000). The size and shape.of WAH is considered to have dominant effects on the
connection behavior. As demonstrated in Figure 1.1, WAHs are needed to be cut on the
beam web to perform the CJP flange welding between the beam flange and the column
flange. The WAH near the beam top flange is used for placing the steel backing bar
whereas the bottom one is used for performing the groove welds. However, the
presence of WAH in the beam web causes stress concentration on the center of the beam
flange near the root of the WAH region because of the abrupt change in WAH geometry
(El-Tawil et al. 2000). As a result, the combination of high stress and strain
concentrations results in a brittle fracture at the beam-to-column joints, as documented
in laboratory tests (Stojadinovi¢ et al. 2000; Chen et al. 2004, 2005a). Figure 2.6
shows two different WAH configurations: one is commonly used in Taiwan; the other is
recommended by FEMA-350 (2000). A description of related analytical and

experimental studies is presented as follows.
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Lu et al. (2000) conducted a series of different WAH configurations using the
nonlinear finite element program ABAQUS. Nine various WAH configurations were
investigated to evaluate the connection details for fracture potential. The conventional
WAH configuration with a circular shape (diameter of 20 mm) was found to have a
high concentration of plastic strain in the middle of the beam flange, at the toe of
WAH. However, the plastic strain demand of the modified WAH configuration was
half that of conventional type, which exhibited the lowest potential for crack initiation

among the different WAH configurations.

Ricles et al. (2002) tested eleven full-scale interior and exterior welded
unreinforced moment connections. All beams used a W36x150 section. The columns
used for the exterior connections werepas W14x311 section, while W14x395 and
W27x258 column sections were used for the interior connections. Test results
demonstrated that connections: using a high toughness weld metal and modified
connection details, including beam web attachment detail and WAH geometry,
responded with good connection performance. No fracture near the WAH region was

observed during the testing, with a story drifts angle of up to 5% rad being achieved.

2.3 Proposed Column-Tree Structural Systems with Tapered Flange
Connections

A column-tree system is one of the constructional schemes used for the SMF.
Figure 2.7 demonstrates the column-tree construction. Short pieces of stub beam are
fabricated and welded to the column in the shop, forming a column-tree. After the field
erection of these tree-like columns, a mid-portion of the link beam is then spliced to the
stub beam with bolted connections. This shop welded and field bolted type of the

connection is often called “pre-Kobe connection”. Figure 2.8 illustrates two typical
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types of column-tree connection. One is the through-diaphragm connection; the other is
the interior-diaphragm connection. Of course, fabricating such column-tree

connections should be possible to increase costs.

Unfortunately, the 1995 Kobe earthquake caused serious failure in some of these
typical pre-Kobe moment connections used for the steel column-tree buildings. Since
the earthquake, Nakashima et al. (1998) investigated and reported that premature brittle
fractures of the beam flanges were found in the beam-to-column flange groove welds
where it should have been able to achieve better welding quality. Limited yielding and
plastic deformation developed between the columns and the beams was observed in the
connections. The unexpected failures raised many doubts regarding a vantage of the

quality control on these shop welded-field bolted connections.

The use of a widened flange plate(Chen et al. 2006) is one of strengthening
schemes to improve the seismic’performance of colunin-tree moment connections. The
beam flanges close to the column face are enlarged to reinforce the beam-to-column
joint, reducing stress demand at the beam flange groove welds. Figure 2.9 shows the
geometry of a widened flange connection used in column-tree SMFs. The details of this
connection include a stub beam with widened beam flanges and no weld access hole.
Rather than strengthening being provided by a flat triangular stiffener on both sides of
the beam flange, a piece of widened flange plate is used to prevent crack initiated in the
welding fusion zone between the stiffener and the beam flange. Test results showed that
widened flange connections were able to develop satisfactory cyclic performance. Full
hysteretic loops of normalized moment versus total plastic rotation, revealed in Figure
2.10, demonstrated this moment connection had stable energy dissipation capacity

under cyclic loading.
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The purpose of this study is to enhance the ductile behavior of the column-tree
moment connection by further improving the geometry of the widened beam flange

according to previously related research conducted by Chen et al. (2006).

2.3.1 Design concept

Figure 2.11 depicts the configuration of a tapered flange moment connection. The
design objective is to develop a large plastic zone in the beam to enhance the ductile
behavior of the moment connection. This intention is achieved by tapering the portion
of flange plates in the stub beam along the seismic moment gradient, thus a wide
portion of yielding in the tapered zone can possibly provide much energy dissipation.
Figure 2.12(a) shows the moment gradient of the flexural capacity and seismic moment
demand of the beam. Neglecting .the effect of .gravity load, the seismic moment
demand is the required flexural strength assumed a half-span of the cantilever beam in
the moment frame under the seismic.condition. Unlike previous studies conducted by
Chen et al. (2006) shown in Figure 2:12(b), an-€xtent of large yielding in the beam is
intended to develop simultaneously at the overlap of two lines of flexural capacity and
seismic moment demand. Furthermore, the beam flange close to the column face has
to be enlarged more than the tapered zone of the beam flange to ensure the sufficient

capacity at the beam-to-column joint.

2.3.2 Design parameters

According to the design idea of the improvements in the connection, two primary
variables governing the behavior of a tapered flange connection are defined as a

reinforcement ratio of the tapered flange £, and the length of a tapered part L

tap >

respectively. Figure 2.11 indicates these design variables. The parameter £, is a main
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reinforcement factor at the beam-to-column joint and is defined as a ratio of the flexural

capacity, M, to the seismic moment demand, M, (e, B,=M,6 /M, ),

psJ°

ensuring sufficient safety at the column face. Another primary parameter L,

represents the length of the tapered region of the beam flange and purposes to provide a

larger deformation capacity in the beam.

There are remaining variables: the length of a main reinforced part L, the

wl >

length of a curved transition part L ,, and the length of an extension part L,,. L, is

wl
used to assure the plastic deformation of the beam moving away from the critical
beam-to-column interface. Considering the effect of force transferring from the main

reinforced part to the tapered flange smoothly, the curved transition L , of 50 mm is
used 1in this study. The tapered flange extensioh L., proposes to reduce the stress and

the strain demand on the splice joint between the column-tree and the link beam,
preventing the occurrence of the"unexpected fracture. Due to the complexity of force
transfer mechanism within the connection region, detailed parametric studies are
needed to clarify the effect of each design parameter on the behavior of a tapered flange

connection, as presented in Chapter 3.
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Chapter 3. Parametric Study

3.1 General

Finite element analysis is currently in widespread use in not only aeronautic
structures but also mechanical and civil engineering structures. Analytical results
would become more authentic through an assumption of realistic material properties
and a validation of analytical modeling. A previous analytical study conducted by Chen
et al. (2005b) had shown that both global and local responses of the connection
subassemblage could be simulated accurately using nonlinear finite element models.
Accordingly, the general-purpose nonlinear finite element analysis program ANSYS
(2002) was utilized to model the varied configurations of the tapered flange connection

and further to study the effects of'design yariables on the connection behavior.

3.2 Analytical Model Description
3.2.1 Finite element modeling

The finite element models of connection subassemblage, consisting of
three-dimensional structural solid elements with 24 nodal degrees of freedom (Figure
3.1), were used in the analytical study. The connection subassemblage represents an
exterior T-shaped connection isolated from a moment frame. Figure 3.2 shows the finite
element meshes and boundary conditions of the typical analytical model. For a SMF
under a lateral loading, the inflection points of the column and the beam are generally
assumed to occur at the mid-height of the column and the half-span of the beam. So that
in the finite element analysis roller and pinned supports were modeled at each end of

the column, as well as a monotonic incremented displacement was applied to the beam
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tip. Furthermore, due to the structural symmetry with respect to the mid-plane at the
beam web and the column section, only half of the connection subassemblage was

modeled to decrease the computational effort.

Each of models consist of a H-shaped H700x300%13%24 (dimensions in mm for
depth, width, web thickness, and flange thickness, respectively) beam, having a length
of 3,600 mm from the beam end to the column face, and a box T550x550x28x28
column, 3,000 mm long between the hinged supports at the ends of the column. The
conventional WAH configuration with a quarter-circular shape, as shown in Figure 3.3,
was included in the models to evaluate the local effect of the connection details.
Meanwhile, the root of the CJP single bevel groove welds located on the interior sides
of both top and bottom flange was modeled:to simulate the pre-Kobe connection details.

However, backing bars and runoff tabs did not include in the models.

A series of seventeen finite'element models was designed and selected for detailed
evaluation, as listed in Table 3.1. Anunreinforced connection was modeled to represent
the pre-Kobe column-tree moment connection, to clarify the improvement of the
tapered beam flange on the connection behavior. Other finite element models with
different configurations were designed to reveal other design variables. A control

model of tapered flange connection used the following design properties:

(1) ;=12

(2) L,,=0.3d, (210 mm length);

(3) L,,=0.5b, (150 mm length from the column face);

4) L,,=50 mm;
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(5) L,,=0.5d, (350 mm length from the end of the stub beam)

where b, is the width of the beam flange; and d, is the depth of the beam section.

The remaining models changed one parameter at a time from among parameters to
eliminate the interactive effects between these parameters. Table 3.1 tabulates
dimensions of the tapered flange used in the models that had the width of the flange
enlargement ranging from 372 to 530 mm and the length of the stub beam ranging from

410 to 1110 mm.
3.2.2 Performance indicators

The potential for cracking is evaluated through a tendency of stress and strain
states at different levels of a story drift anglés Hence, the principal stress is used to
assess the stress distribution in the elastic range, as well as the plastic equivalent strain
(PEEQ) is also employed to criticize the'local plastic strain demand in the inelastic

range. The plastic equivalent strain is defined as

PEEQ = Jgg,.j g (3.1)

where &, represents plastic strain components in directions i and ;. Undoubtedly,
higher PEEQ reveals a higher demand for plastic strain. Meanwhile, these two stress
and strain indicators are normalized for the purpose of indicating their inclination

clearly: the principal stress is normalized by the yield strength F, , while the PEEQ is

divided by the yield strain ¢, defined as the PEEQ index.

Two critical sections of the connection, along the beam flange width at the

locations of the CJP groove weld and the root of the WAH, are selected to study the
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stress and strain statuses based on the fracturing locations in the pre-Kobe moment
connections reported in Nakashima et al. (1998). Figure 3.4 displays these critical
sections, presented by lines running across the width of the beam flange. Besides, story
drift angles of 0.5% and 4% rad are chosen to study the elastic behavior and high plastic

deformation state of the connection subassemblage, respectively.

3.2.3 Material properties

Nominal yield stress of A572 Grade 50 steel used to model the beam and column

was set equal to 345 MPa. The expected material overstrength factor R,

recommended in AISC (2005a) was also considered to simulate the realistic material
properties of the steel. For simplification, a bilinear isotropic hardening behavior was
used for simulating the stress-strain relations of the structural steel and the weld; a
rate-independent plasticity model ywas especially used in the inelastic behavior. The
modulus in the strain-hardening'range-of the-steel and the weld adopted 3% and 1.5%
of the modulus of the elasticity, respectively: Besides, to determine the plastification of
the analysis models, von Mises yielding criterion with the associated flow rule and the

isotropic hardening rule was used.

3.3 Parametric Study of Tapered Flange Connection

Finite element analysis can provide better preliminary evaluation of stress and
strain states in tapered flange connections and to compare behaviors of connection
configurations relative to different design parameters. A set of parametric analyses,
therefore, was conducted to investigate the effectiveness of the tapered flange

connection.
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3.3.1 Effect of tapered flange on connection behavior

Figure 3.5 demonstrates the normalized principal stresses at 0.5% rad story drift
angle and PEEQ indices at 4% rad story drift angle along the width of the beam flange,
at the CJP groove weld and the root of the WAH. It should be noticed that the tapered
flange connection model was a control model using parameters that had been
mentioned previously. Both connections show high stress concentration at the tips of
the groove weld during a story drift angle of 0.5% rad, owing to the distribution of
stiffness contributed from the cross section of the box column. An identical
phenomenon was observed in the middle of the beam flange, at the root of the WAH,
because of the unevenly geometry of the WAH shape. However, when the tapered
flange connection model proceeded to_the inelastic range of 4% rad story drift, 62.5%
and 42.4% reduction rates of the:maximum PEEQ indices at the edges of the groove
weld and at the root of the WAH:were obtained, respectively, compared to the pre-Kobe
connection model. Certainly, thé.presence of the enlarged beam flange considerably
reduced the high concentration of plastic strain at the beam-to-column interface and the

WAH region, diminishing the potential fracture at these locations.

3.3.2 Effects of parameter f, and length of tapered zone L,

Four different values of B, were studied to elucidate the effect of the

reinforcement ratio of the tapered flange on the response of the connection
subassemblage. The reinforcement ratios were set equal to 1.05, 1.10, 1.20, and 1.25,
with the width of the flange enlargement in the range of 344 to 530 mm. Additionally,
to clarify the influence of the plasticity capacity in the tapered zone of the beam flange

on the connection performance, design parameter L,, was varied by changing the
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region in the tapered zone from 0.3d, to 0.8d, (dimensions ranging from 210 to 560

mm). The analytical results are summarized in Figure 3.6, where the values of the
PEEQ indices at 4% rad story drift angle were captured from the critical locations of the
beam flange groove weld and the root of the WAH. The PEEQ index is shown to be
largest for the traditional pre-Kobe column-tree connection. It is obvious that the higher
flange reinforcement causes the lower plastic strain demand; furthermore, using the

larger tapered zone can also result in lower PEEQ index. With the value of f, larger

than 1.2, increasing the length of the tapered zone from 0.3d, to 0.8d, has a slight

variation in the improvement of the local plastic strain demands. Overall, higher

parameter f3; increasing the deformation capacity of the groove welds results in

higher margin of safety at the junction'of the beam-to-column connection.

3.3.3 Effect of main reinforced'part L,

Considering a plastic hinge formed a sufficient distance away from the column
face, the lengths of a main reinforced part are set equal to 0.175,,0.33b,,and 0.5b,
for the models, with the corresponding lengths are 50 mm, 100 mm, and 150 mm,
respectively. Figure 3.7 demonstrates the effects of the different values L, on PEEQ
indices at a story drift angle of 4% rad. Results show that the model with smaller L,

have higher PEEQ index at the root of the WAH, compared with the model with larger
L,,; the maximum PEEQ index decreases from 15.4 to 12.5, a decrease of 18.8%, as
the main reinforced zone L , increase from 50 mm to 150 mm. However, a reverse

tendency was noted in the CJP groove weld; an increase of 15.4 % of the maximum

PEEQ index was observed (increased from 9.1 to 10.5). In sum, the larger tapered
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flange reinforced zone L,; results in lower plastic strain demand at the WAH region.

3.3.4 Effect of tapered flange extension L,

Three different lengths of a tapered flange extension, 0.25d,, 0.5d, and no

extension part, were used for prospecting the influence of the splice, at the joint of the
column-tree and the link beam, on the tapered flange connection. The distributions of
PEEQ index across the beam flange at the tip of the WAH are presented in Figure 3.8.
The largest value of the PEEQ index occurred at the root of the WAH (pointed at Figure
3.8) for the model without the extension part because the vicinity of the tapered zone
also had high deformation demand. Nevertheless, a reduction of 38.9% in the PEEQ

index of the model with L, ,=0.5d, was.observed at the same location. It is expected
that larger flange extension L, .“can ensure highersafety capacity at the interface of

the column-tree and the link beam.

3.3.5 Plastification of tapered flange:connection

Figure 3.9 and Figure 3.10 present the contours of the longitudinal plastic strain
and the plastic equivalent strain at a story drift of 4% rad, respectively, to clarify the
spread of the plasticity around the connection. Remarkably, the tapered flange
connection demonstrated extensive plastification and significant yielding beyond the
tapered region, whereas the localized plastic hinge formation took place close to the
beam-to-column interface was observed in the pre-Kobe connection. Based on these
observations shown in figures, indeed, tapering part of the flange plate following the
seismic moment demand conduced to the formation of the extensive plasticity in the

beam section away from the column face.
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Chapter 4. Full-Scale Connection Tests

4.1 General

The analytical program in Chapter 3 presented the investigation concerning the
connections with different configurations of the tapered flange. However, such analyses
have some limitations such as residual stresses and HAZ problems in beams that cannot
be modeled perfectly. Seven full-scale exterior beam-to-column connections were,
therefore, designed and tested to clarify the cyclic behavior and failure modes of

tapered flange connections.

4.2 Design of Test Specimens

The designs of all specimens, followed the current AISC specification (2005b) and
the Taiwanese seismic code. The specimens had identical sections of the beam and the
column to eliminate the influence of the:member size on the connection behavior. The
beam and the column were ASTM A572 Grade 50 H-shaped H700%300%13%24 (mm)
and box 0550x550%x28x28 (mm) sections, respectively. Table 4.1 presents the
mechanical properties of the steel used for specimens, which were obtained from
tensile coupon tests. The CJP groove welds between the column flange and the beam
flanges for all specimens were done by the gas metal arc welding (GMAW) process,

using an electrode of ER70S-G filler metal.

Table 4.2 tabulated the design parameters of the specimens. Tests began with a
specimen with a traditional pre-Kobe moment connection, to examine the performance
of the welded column-tree connection. Figure 4.1 depicts the connection details of

specimen PK. Specimens W1-L05, W1-L03, W2-L03 and W3-L03 were constructed
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following pre-Kobe design practice, whereas various beam web attachment details
were designed for specimens B1-L03 and B2-L03 to reflect pre-Northridge design
practice. In the labeling of the specimens, the first character, W, presents fillet welded
beam web and the second character, B, represents bolted shear tab. Specimen

fabrications in Series W and Series B are described in following two sections in detail.
Specimens of Series W

Figure 4.2 illustrates the details of the tapered flange specimens of Series W.

Specimens’ designation with W1, W2, and W3 indicates ﬂj=1.20, 1.10, and 1.05,

respectively, which results in a different width of beam flange at the beam-to-column
interface. Especially, the narrower flange enlargement of specimen W3-L03 was
conducted to represent a more critical state. To clarify the plastic deformation capacity,

the lengths of the tapered flange L, wete set to 0.3 d, and 0.5d,, and the

tap
corresponding specimens were“designated-‘as “‘L03” and “L05”, respectively. The
tapered beam flanges were fabricated by a thermal cutting process from a steel plate, to
avoid crack initiation in the fusion zone of the groove welds between the wing plates
and the beam flanges (Chen et al. 2004). It is noted that the splice between the stub
beam and the link beam was fully welded in the laboratory to prevent the slippage

effect of the bolted splice.

The width/thickness ratios b, /2t, of tapered flanges are checked for compacted

sections used for beams in a SMF. The maximum b, /2¢, ratio of the beam flange in
the tapered zone is 7.2, which is less than the limiting value 4, (=171/,/F, (MPa)

=65/,/F,(ksi) =8.9) of the AISC specification (2005b) for compression members,
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being capable of achieving the large plastic strain without local buckling occurred.
Specimens of Series B

The geometry and size of the tapered flange in specimens B1-L03 and B2-L03 are
the same as those in specimens W1-L03 and W2-L03 except the beam web attachment.
Figure 4.3 shows the specimen configurations of Series B that the beam was connected
to the column with the web-bolted flange-welded connection. A short piece of tapered
flange beam was built up in the shop and was further spliced to the remaining beam to
make one piece of the beam. Afterward a shear tab and beam flange groove welds were
used to connect the beam and column together: the CJP groove welds were connected
the beam flange to the column flange; the beam web was connected to the shear tab by
F10T M24 high-strength bolts. No supplementaty fillet weld was placed around the

edges of the shear tab.

4.3 Test Setup and Procedure

Tests were conducted in structural laboratory of the National Chiao Tung
University. Figure 4.4 illustrates the test setup which simulated the seismic condition of
a connection subassemblage in a moment frame. A hydraulic actuator, which has the
capacity of the maximum load of 980 kN and stroke of 400 mm, was used to proceed

this cyclic routine.

As shown Figure 4.5, a cyclic predetermined loading sequence with augmented
displacement amplitudes specified in the AISC seismic provisions (2005a) was used
during the tests. The test history began with six cycles of +0.375, +0.5, and
1 0.75% rad story drift angle. Subsequently, four cycles of + 1% rad story drift angle
and two cycles with amplitudes of over + 1.5% rad story drift angle were succeeded
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until either the specimens failed or the excursion limitation of the test equipment was
reached. It should be noted that the story drift angle is calculated by dividing the beam
tip displacement by the distance from the beam tip to the column centerline, as shown

in Figure 4.6.

4.4 Observed Behavior of Test Specimens

4.4.1 Specimen PK

Specimen PK was a typical pre-Kobe column-tree moment connection. Flaking of
the whitewash originated from the sides of the beam flanges near the groove welds
during a story drift of 0.5% rad, and significantly concentrated on this location at the
following cycles. This clearly evidences that the beam flange close to the column face
develops high local strain concentrationj:as ebserved in the finite element analysis.
Afterward the slight cracks wete noticed in‘the fusion zone of the borders of the CJP
groove weld at the cycles of 3% rad story-drift angle. Eventually, specimen PK failed
during the negative excursion of the first 4% rad cycle because of a brittle flange
fracture, which initiated at the root of WAH cut on the inside of the beam flange surface,

as presented in Figure 4.7.
4.4.2 Specimens of Series W

Excluding specimen W3-L03, the failure mechanisms of all tapered flange
specimens were almost identical regardless of the various configurations of the flange
enlargement, as listed in Table 4.3. All of four specimens exhibited approximately
linear behavior before a story drift angle of 0.75% rad because slight powdering of the
whitewash was observed in these states. During the cycles of 1% rad story drift angle,
the whitewash was noticed on the beam flanges within the tapered part and near the CJP
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groove welds. The following cycles of 1.5% rad story drift angle caused flaking further
expanding into the tapered flange extension. After that, the whitewash began to spread
in the beam web at the 2% rad cycles. Evidenced by the excessive flaking of the
whitewash, the overall beam tapered flanges and the beam web developed striking
inelastic behavior during the cycles of 3% rad story drift angle. Unexpectedly, minor
cracks, either at the sides of beam flange groove welds or at the root of WAH, were
observed during the 3% rad cycles of specimen W3-L03; however, no cracking
occurred in the other specimens at the same cycle. The sign of cracks apparently

revealed that the specimen W3-L03, with S,=1.05, provided very margin of the

reinforcement at the beam-to-column joint. Afterward, sustained crack propagation led
to the fracture of the beam bottom flange, starting at the fusion area of the groove weld

as shown in Figure 4.8, during the'positive,excursion of the second 4% rad cycle.

The ultimate strength of the specimens was achieved during the cycles of 4% rad
story drift angle, which simultaneously accompanied slight crack initiation from the
end of the built-up weld fusion line between the beam flange and web at the root of
WAH. Excessive local buckling of the beam section, developed at approximately
ranged from one-half to three-quarter the beam depth from the column face, resulted
in gradual deterioration of the strength during the following cycles of 5% rad story drift
angle. Figure 4.9 shows local buckling of the beam flange and the beam web of
specimens W1-L05 and W1-L03 at a story drift angle of 5% rad. Test was terminated at
a story drift angle of 5% rad because of the excursion limitation of the actuator. To sum
up, for the properly designed specimens, the plastic hinge formation of the beam was
expectably spread around the tapered flange, developing the satisfactory plastic

rotation of the connection.
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4.4.3 Specimens of Series B

Both specimens performed the same patterns of global behavior with each cycles
until at 3% rad story drift angle. The flaking of the whitewash was noticed on the tips of
the shear tab near the WAH, accompanied a metallic grating noise caused by the shear
tab slippage. During 4% rad story drift angle, the ultimate resisting force of the
connection was reached while minor cracking was observed at the root of WAH, as
shown in Figure 4.10. At the same time, the progressive augmented buckling of the
beam section, stemming from the tapered part of the beam flange, caused strength
degradation in specimen capacity during subsequent cycles. Figure 4.11 exhibits the
yielding and local buckling patterns of specimens B1-L03 and B2-L03 during 5% rad
story drift angle. The presence of the shear tab not only assisted in forming the plastic
deformation in the beam away frem the-ecolumn facebut also resisted the occurrence of
the severe web local buckling. Finally, testing was stopped at 5% rad story drift angle
due to the displacement limit of the test apparatus.-No weld fracture was observed in
the specimens except a small crack, which 'was located in the HAZ at the edges of the

beam top flange, at the end of the test of specimen B2-L03.

45 Test Results and Discussion

Test results of the specimens are inspected for the hysteretic response, the failure
modes, the connection moment capacity, the envelope response, and energy dissipation.

Table 4.3 tabulates the test results of the specimens.

4.5.1 Hysteretic response and failure modes

Specimen PK
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Figure 4.12 presents the hysteresis relationships of specimen PK in terms of both
the story drift angle and the total plastic rotation. Herein, the test moment was
calculated by multiplying the beam tip load by the distance from the free end of the
cantilever beam to the box column face, and this moment was normalized by the plastic
moment capacity of the stub beam based on the measured material strengths. The
maximum total plastic rotation of specimen PK was 2.6% rad, which the total plastic
rotation was determined by subtracting the elastic rotation from the total angle of
rotation. The failure was caused by the fracture of the beam flange initiated at the
junction of WAH and the beam flange groove weld. Although the ductility of this
specimen was improved, compared to the pre-Northridge specimens tested by Chen et
al. (2004), using column-tree design practice in the connection has insignificant effect

on the prevention of the beam flange fracture originated from the WAH region.

Specimens of Series W

The hysteresis responses of the normalized moment to the story drift angle and the
total plastic rotation for the all column-tree tapered flange specimens are presented in
Figure 4.13. As summarized in Table 4.3, specimens W1-L05, W1-L03, and W2-L03
developed approximately 4% rad of maximum total plastic rotation, which contributed
mainly from the inelastic deformation of the beam. The beam plastic rotation was
determined by subtracting the plastic rotations of the column and the panel zone from
the total plastic rotation of the connection. The primary failure mode of these
specimens was the significant local buckling of the beam flanges and web, which was
followed by the degradation of connection strength, during the cycles of 5% rad story
drift angle. The post-peak strength capacity of specimens W1-L05, W1-L03, and

W2-L03 were reduced by 15.6% (an average of +13.5% and -17.6%), 17.3% (an
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average of +18.8% and -15.8%), and 17.1% (an average of +16.8% and -17.4%),
respectively, compared to those at the 4% rad cycles, where ‘+’ represents the positive

excursion cycle and ‘-’ represents the negative excursion cycle.

As shown in Figure 4.13(a), specimen W3-L03 failed in a brittle mode caused by
the fracturing of the beam bottom flange during the cycles of 4% story drift angle. After
that, the negative excursion of monotonic loading was applied to identify the failure
mode in the beam top flange. In the end, not only local buckling of the beam bottom
flange was noticed within the tapered zone of the beam flange, but also notable cracks
either at the root of WAH or at the both sides of the beam flange groove welds were

observed at the end of the testing.

Specimens of Series B

The cyclic behavior of the specimens B1-L.03 and B2-L03 behaved much like
those column-tree connections regardless of their various connection details. A graph
of the hysteresis relationships for specimens'B1-L03 and B2-L03 is shown in Figure
4.14. Both specimens developed reliable inelastic behavior with a maximum story drift
angle of 5% rad, absorbing a remarkable amount of the energy. The final failure was
owing to striking local buckling at the beam flanges and web, and accompanied gradual
deterioration in the flexural strength of the connection. However, the strength still
exceeded the plastic flexural strength of the beam. In brief, the pre-Northridge
specimens improved by the tapered flange behaved excellent ductile performance,
although the extra cost for fabricating such built-up tapered flange connection is
relatively high, compared to those typical web-bolted flange-welded moment

connection.
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4.5.2 Connection moment capacity and envelope response

In general, high levels of localized inelastic deformation with strain-hardening
behavior would result in premature local buckling. However, using a uniform yielding
zone to average the local strain demand may delay local buckling occurred. Figure
4.15 illustrates the ratios of the maximum test moment to calculated plastic moment
capacity of the specimens along the horizontal direction of the beam length. This ratio
represents the strain-hardening level of the beam section. It can be noticed that the
tapered flange had provided a flattop level of larger uniform inelastic deformation in
the beam away from the column face and stressed the tapered zone of the beam into

1.15 times of the plastic moment capacity. Specimen W1-L03 with £, =1.2 give the
more conservative design at the column face than specimen W2-L03 with g =I.1.

Consequently, the moment demand at the beam-to-column joint is reduced
intentionally with the introduction, of“the flange renlargement, compared to the

pre-Kobe connection specimen PK:

Figure 4.16 shows the hysteretic envelopes relationship for the all six tapered
flange specimens. As demonstrated in this figure, the global behavior of the connection
subassemblage, either strength capacity deterioration or local buckling occasion, was
also very similar. It was found that local buckling of the beam section in each specimen

did not commence until the 4% story drift cycle.

4.5.3 Energy dissipation

Figure 4.17 compares energy dissipation of specimens to confirm the
effectiveness of the tapered flange. Specimen PK dissipated a smallest amount of

energy because of a brittle fracture of the beam flange occurred at a story drift angle of
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4% rad. On the contrary, the successful tapered flange specimens dissipated a higher
amount of energy about 2.4 times than that of specimen PK, due to the stable and full
hysteretic loops of the specimens. A comparison of specimen W1-L03 with W1-L05
indicates very similar energy dissipation for the two test specimens. Increasing the

length of the tapered flange from 0.3d, to 0.5d, has a slight effect on the connection

behavior. Furthermore, although different connection details of the beam web
attachment were used, each tapered flange specimen also dissipated a similar amount of
energy. This clearly shows that the ductility of the specimens, either the tapered flange
column-tree connection or the web-bolted flange-welded connection, can significantly

improve by the application of the tapered flange.
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Chapter 5. Evaluation of Analytical and Experimental
Response

5.1 General

In general, the yield of a specimen can superficially judge by flaking of the
whitewash on the surface of the test specimen. It is common to use the numerical
simulation to comprehend the progressive growth of the yielding and plastification in
the specimen. This chapter presents a detailed evaluation of numerical and
experimental response of the tapered flange specimen and force transfer mechanism

within the connection region.

5.2 Evaluation of tapered flange connection subassembly

Numerical simulations of the tapered flange specimen were compared with the
experimental results for both global and local responses to evaluate the accuracy of the
finite element modeling. Only specimen W1-LO3 was used for numerical simulation
because all the tapered flange specimens performed the similar connection behavior. In
the numerical simulation, the measured material properties of the beam and column
listed in Table 4.1 were used. Furthermore, the kinematic hardening behavior of the

structural steel was assumed for cyclic analyses.
5.2.1 Global response

Global behavior of tapered flange connection subassembly is presented in terms of
the hysteretic loops. Figure 5.1 presents the numerical hysteresis curves of the beam tip
load versus the corresponding displacement for specimen WI1-L03, with the

experimental curves superimposed. A close examination of the figure showed that the
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predicted stiffness and the ultimate load at each cycles well matched those of the test
specimen up to a story drift angle of 4% rad. However, the predicted responses during
the unloading status were somewhat wider than the experimental ones, possibly
because the bilinear strain-hardening behavior of material was applied in the analysis.
Overall, the global load-displacement hysteretic response demonstrates good

correlation between the numerical and the experimental work.

5.2.2 Local response

Strains recorded during the testing were examined to clarify the local behavior of
the specimens. Accordingly, four critical lines running across the beam flange are
selected as the concerned location. Figure 5.2 presents these strain gauge locations:
Line F40 is located at a distance .0f 40 mm from the column face, to evaluate the
potential of flange fracture at the CJP groove welds; Lines TF1, TF2 and TF3 are
located at a distance of 200 mm(at the'end of the tapered zone), 305 mm (at the middle
of the tapered zone) and 410 mny.(at the beginning of the tapered zone) from the
column face, subsequently, to examine the force transfer within the tapered part of the

beam flange.

The local behavior was examined by comparing the predicted strains with test data
at various loading steps. Figure 5.3 shows the normalized longitudinal strain
distributions on the beam flange at line F40 between the story drift angles of 0.5% and

4% rad. Each strain is normalized by a measured yield strain &, of the beam flange

material in the stub beam. Because residual stresses and HAZ problems were not
considered in the analysis, the predicted strains in the vicinity the beam flange groove

weld were lower than the test strains. Figure 5.4 presents both the predicted and
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measured strains across the beam flange within the tapered zone until 4% rad story drift
angle. The elastic response of the test specimen can be precisely simulated, as well as
the inelastic response envelope of the numerical results shows the same trend as test
data. A reasonable agreement between the numerical results and the experimental tests
was generally achieved. Based on the satisfactory performance, this finite element
model was then used to better understand states of stress and strain in the moment

connection with a tapered flange.

5.3 Stress and strain distribution in connection

The numerical investigation comprehended the von Mises stress distribution, the
equivalent plastic strain distribution, and the transference of the beam forces. In
addition, the measured strains in the'test specimens were also presented in this section

to verify the effectiveness of the®proposed tapered flange.

5.3.1 Distributions of von Mises stress-and-equivalent plastic strain

As indicated by previously works (Popov et al. 1998; El-Tawil et al. 2000; Mao et
al. 2001; Chen et al. 2003; Kim et al. 2004; Chen et al. 2005a; Chen et al. 2005b), von
Mises stress and equivalent plastic strain were utilized as an indicator of the potential
for plasticity, when considering ductile materials. Accordingly, herein the results of the
simulation are plotted in the form of such stress and strain distributions to elucidate the
connection behavior. A story drift angle of 1% rad was chosen to represent the
beginning of the inelastic stage, because specimen W1-L03 performed in elastic
behavior before the 0.75% rad cycles. Furthermore, a story drift angle of 4% rad was
used to elucidate the connection performance under higher levels of strained states,

because ultimate capacity of specimen W1-L03 was achieved at this drift level.
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Figure 5.5(a)-(d) shows the progressive contours of the von Mises stress and the
equivalent plastic strain for the finite element model of specimen W1-L03 at 1, 2, 3 and
4% rad story drift angles. Notably, yielding of the beam occurred initially at the sides of
the beam flange near the groove weld during 1% rad story drift angle. After that,
distinct yielding in the tapered zone of the beam flange shown in Figure 5.5(b) was
noticed. During a story drift angle of 3% rad, the extensive yielding zone strikingly
expanded into the entire beam tapered flange and the nearby flange extension. Note that
the equivalent plastic strains in the yielding zone are approximately 9.7 times the
yielding strain. Afterward, an appreciable amount of yielding spread toward the middle
part of the flange enlargement near the WAH region, as shown in Figure 5.5(d). Such
highly stressed and strained states could lead to premature crack initiation at the root of

the WAH, as evidenced by the full-scale testing.

According to above figures, notably, these obseryations indicate that the moment
connection with a tapered flange forms extensive-yielding and plastification in the
beam section away from the beam-to-column interface. An enlarged plastic zone, with
uniform plastic strains, can be obtained in not only the tapered zone of the beam flange

but also the flange extension.

5.3.2 Force transfer in beam

Traditionally, the design of moment connections is assumed following classical
beam theory. Using this simplificative approach, shear force is primarily resisted by the
beam web while bending moment is resisted by the entire beam section. No interaction
of shear and moment is supposed. However, the application of such traditionally
designed approach at beam-to-column joints leads to drastic variations because of the

effect of boundary conditions imposed by the column. Remarkable amounts of shear
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force are transferred across the connection through the beam flanges that has been
documented in the literature (Goel et al. 1997; Goel et al. 2000). With the interaction of
shear force and flexural moment in the vicinity of the joint, accordingly, the predictions

of force transfer from the beam flanges to the column could be underestimated.

The delivery of beam forces to the column is presented in the forms of the
normalized shear stress and the normalized longitudinal stress. The shear stress, 7, is

normalized by the shear yield stress, 7, which is defined as

F,
T =—= (5.1)

]

where F, is the yield stress of the beam material. Also, the longitudinal stress, o,

represented the normal stress is normalized by: the yield stress.

At elastic response

Figures 5.6 and 5.7 shows the distributions of.the normalized shear stress along
the depth of the beam web and the width of the beam flange, respectively, in four
different sections during a story drift angle of 0.5% rad. Note that such stress data are
captured from a transverse line through the one-half thickness of the beam flange (or
the beam web). For tapered flange moment connections, it is clear from Figure 5.6 that
symmetrically uniform shear stress profiles are found at the adjacent regions of the
tapered zone and the splice joint. Nevertheless, the inverse parabolic stress distribution
is found at a cross section 20 mm away from the column face, due to the influence of
boundary restraint provided by the column flange. Evidently, the force transfer in the
connection may not follow the beam theory, especially at the critical section near the

face of the column, because a significantly greater part of the beam shear force is
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transferred through the beam flanges, as shown in Figure 5.7.

Figures 5.8 and 5.9 shows the normalized longitudinal stress profiles along the
beam web and beam flange at 0.5% rad story drift angle. The presence of the WAHs
between the column-tree and the link beam created localized stress concentration on the
sides of the beam web at the splice joint (see Figure 5.8). In the meantime, the similar
concentration behaviors shown in Figure 5.9 at either the beam flange groove weld or
the end of the tapered zone were observed. The reason for such stress flow is primarily
attributed to the stiffness of the column web on both sides, as presented in the previous

analyses (Roeder 2000; Chen et al. 2004; Kim et al. 2004).

At ultimate response

On the basis of the experimental results;4% rad story drift angle was considered to
represent the ultimate status of the analytical model. The normalized shear stress
distributions shown in Figure 5.10 demonstrated 35% of the reverse shear force in the
middle of the beam web at a cross section 20 mm away from the column face, while the
constant shear flow was noticed in other cross sections. Similar analytical results were
observed by Lee (2002). Figure 5.11 plots the resulting normalized shear stress profiles
along the beam flange width at a story drift angle of 4% rad. The beam flanges took the
majority of the beam shear in both the elastic and inelastic state, when connecting to the

face of the column.

The distributions of the normalized longitudinal stress transferred through the
beam web and beam flange to the column flange is presented in Figures 5.12 and 5.13,
respectively. Larger yielding of the beam web in the beam tapered zone was found

during 4% rad story drift angle, whereas the other cross sections, located at either the
g y g
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vicinity of the beam-to-column connection or the splice joint, were performed in elastic
behavior. As plotted in Figure 5.12, only slight yielding was observed at the edges of
the beam web near the flange-web junction. It is evident from Figure 5.13 that the entire

stub beam attains a yielding moment, M , with highly uniform longitudinal stresses

(averagely 1.2 times yield stress) developed in the tapered zone of the beam flange.

Percentage of shear force in beam

By integrating the shear stresses shown in Figures 5.6 and 5.10 with the area of the
beam web, the beam shear in the beam web at each cross section can be calculated. The
shear force transferred by the beam flanges, in addition, was obtained by subtracting the
beam web shear from the applied beam tip load in each case. Table 5.1 tabulates the
percentage of the beam shear in.the tapered flange connection with increasing the
distance from the column face atstory drift angles of 0.5 and 4% rad. Much of the shear
force transferred through the beam flanges7m the vicinity of the joint extremely
disobeyed assumptions of the beam theory. However, with increasing the distance
(approximately 0.3 times beam depth) away from the column face, the distribution of
the shear force in the beam section commenced following the beam theory in either the
elastic (0.5% drift) or the inelastic (4% drift) range. Therefore, when designing a splice
joint between the column-tree and the link beam, it is reasonable to assume that the

beam web takes the entire beam shear.

5.3.3 Strain response around connection

The proposed moment connection has two important improvements. First,
enlarging the beam flanges near the column face functions as a reinforcement to

prevent fracture at the CJP groove welds. Second, tapering a portion of the beam
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flanges following the seismic moment gradient forms an enlarged uniform yielding
zone to augment more sufficient ductility in the connection. Consequently, to verify the
design idea of the proposed connection, the strain states recorded in strain gauges

attached on the test specimens at these locations had to be examined.

Figure 5.14 shows the normalized measured longitudinal strain distributions at
line F40 between specimens PK and W1-L03. From this figure, it can be seen that the
strains of specimen PK are several times larger than those of specimen W1-L03, with
an opposite strain trend. The maximum normalized longitudinal strain for specimen PK
is 45 at the border of beam flange (during 3% drift), whereas the maximum normalized
longitudinal strain for specimen W1-L03 is 20 at the middle of beam flange (during 4%
drift). This outcome clearly evidences thatithe enlarged beam flange effectively assists
in lowering strain levels near the:CJP groove welds.Fracture of the beam flange in the

region of the WAH could be avoided with the flange enlargement.

The distributions of the normalized longitudinal strains across the tapered zone of
the beam flange for the column-tree specimens are shown in Figure 5.15. It is found that
both the elastic and inelastic responses of the strains in each specimen were almost
similar. Such strains were equally increased and averaged about 9.9 times of the yield
strain at a story drift angle of 4% rad. The strain trends for specimens B1-L03 and
B2-L.03 shown in Figure 5.16 also match those in Figure 5.15. However, an average of
strains in specimen W3-L03 during 4% rad story drift angle was 7.7 times yield strain,
owing to local buckling of the beam section occurred. To sum up, the tapering of the
beam flanges provides an enlarge yielding pattern in the beam tapered zone, performing

the satisfactory inelastic deformation in the beam.
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Chapter 6. Design Recommendation

6.1 General

This chapter presents the design approach of the moment connections with a
tapered flange. The foundations for the design of the tapered flange connections are
based on the results of the parametric study in Chapter 3 and the full-scale tests in
Chapter 4. A step-by-step example for designing the tapered flange is also presented in

Appendix A to express the design procedure more clearly and systematically.

6.2 Design Procedure

As demonstrated from the results of the experiment and finite element analysis,
tapered flange connections exhibited excellent. advantages of seismic performance for
SMFs. Design procedure for the'tapered flange connection, on the basis of the capacity

design concept, is provided and ‘describesasfollows.

The expected plastic flexural capacity of the beam, M, i.e. at the beginning of

the tapered zone of the flange enlargement, is first calculated as

M, =C,RFZ, 6.1)

pry

where C . represents a factor accounted for strain-hardening behavior, C, equal to

1.2 may be used for most connection types as recommended in FEMA-350 (2000);

R, is an adjustment factor of expected material overstrength; £, denotes the nominal

yield strength of the beam material; and Z, represents the plastic section modulus of

the beam.
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Second, design the width of the beam flange at the end of the tapered part, b, .

For design purposes, the uniform plastic deformation capacity is assumed to develop
simultaneously at the tapered zone. Hence, the design flexural capacity at the end of the

tapered flange, M can be determined from the moment gradient diagram shown in

ptap ?

Figure 6.1.

— Lb - (Lwl + sz)
re L —(L,+L,, +L,) "

(6.2)

wl

where L, is the length of the half clear span of the beam. Based on the results of the
experiment and finite element analysis, the design parameters of L., =0.55, ,

L, =50 mm, and L, =0.3d, can beused for practical purposes, where b, is the

beam flange width; d, is the beam dépth. Thus, the required flange width can be

calculated by
7 ARk
bf » — bltap web ( 63)
’ d,-t,)t,
and
M
Zb tap = — (64)
“C RF,
where 7, represents the plastic section modulus of the beam at the end of the

tapered zone; Z,, is the plastic section modulus of the beam web; and 7, is the

thickness of the beam flange.

Third, design the width of the flange enlargement at the beam-to-column interface,
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b, ;, by setting the parameter [, as 1.2 or greater to prevent failure occurring at the

beam flange groove weld. Accordingly, the design flexural capacity at this location,

M can be determined as

p.Jj?

M, =pM (6.5)

dem, j

where M denotes the moment demand of the beam at the column face, which can

dem, j

be calculated as

LM,
M, = = (6.6)
L —-(L,+L,+L

wl tap )

Therefore, the required width of the flange enlargement can be calculated by using the

equations, as

Z /. _Zwe
 NEE (6.7)
(d, _f./') Ly

and

Z, = My (6.8)
/7 C,RF,

pr—y
where Z, . represents the plastic section modulus of the beam at the beam-to-column
joint.

Fourth, select the appropriate radius of the curved transition of R =L, to supply

the corners adjacent to the tapered zone with smooth force transferring. In addition,

select the tapered flange extension of L, at least 0.5d, or larger for providing
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sufficient margin of safety at the stub beam-to-link beam interface.

Finial, because the beam flange enlargement increases the flexural strength of the
beam, the seismic design requirements for a strong column-weak beam criterion

should be checked for designing the tapered flange connection.

2 My >1.0 (6.9)

ZMPJ .

where M, denotes the sum of the flexural strength in the column above and below

the beam-to-column joint.
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Chapter 7. Inelastic Structural Analysis for SMFs with
Tapered Flange Connections

7.1 General

Inelastic structural analyses for steel SMFs were performed to examine the
effects of tapered flange connection on the structural behavior. Two types of steel
SMFs were modeled: one was with unreinforced connections (lack of ductility); the
other was designed to have tapered flange (TF) connections. Moreover, five- and
fifteen-story buildings were designed for each type of SMFs in order to evaluate the
effects of different rises of buildings. The design of the tapered flange connection
followed the proposed design procedure as described in Chapter 6. The structural
analyses composed both linear elastie’analysis and nonlinear static pushover analysis
by using the computer program SAP2000 (Habibullah and Wilson 2004). The
performance of the frames is evaluated in terms of nonlinear pushover behavior as well

as plastic hinge distribution under specified seismi¢ levels.

7.2 Design of Prototype Buildings

7.2.1 Prototype building configuration

Figure 7.1 sketches a typical floor plane of the prototype office building
comprised a special moment-resisting structural system with welded built-up box
columns and H-shaped beams. The buildings are designed to be symmetric so that
vertical and horizontal irregularity is avoided. The building has identical floor plans
with four bays by four bays. The bay spacing is 9.5 meters from column centerline to
column centerline. Figure 7.2 illustrates the elevation view of the five- and

fifteen-story SMFs. First story is 5 meters high and the remaining stories are 3.5 meters.
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It is noted that all frames in the prototype buildings are designed to be the primary
lateral resisting frames; hence, all beam-to-column connections are moment

connections.

The designs of the prototype buildings are in compliance with the AISC-LRFD
specifications (1999) and the 1997 Uniform Building Code (UBC 1997). Table 7.1
tabulates the details of the design gravity loads imposed on the prototype buildings. The
slab is assumed to have a thickness of 15 centimeters lightweight concrete on a 7.5

centimeters deep metal deck. The floors in each story level use raised floor, except that
the roof is assumed to be asphalt paving. Eventually, the dead loads of 3,532 N/m’
(360 kgf/m*) and 4,120 N/m* (420 kgf/m®) are imposed at the roof and floors,
respectively. The live loads of 2,943" N/m* (800 kgf/m”) and 3,924 N/m* (400
kgf/m*) are assumed for office Occupancy at the roof.and floors, respectively, as listed

in Table 7.2. All structural memberstare-made-of A572 Grade 50 steel with nominal

yield stress of 345 MPa and nominal uiltimate stress of 450 MPa.

7.2.2 Elastic analysis of prototype buildings

A general-purpose structural analysis program SAP2000 was used as a tool for
performing the linear elastic analysis of the prototype buildings. The assumptions made

in the modeling and analyses of the frames are as follows.

1. Only one of the lateral resisting frames in the prototype building is considered. All
SMFs investigated in the structural analysis are modeled as two-dimensional

frame structures.

2. Beam and column rigid end zones are included and elastic panel zone models are
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applied.

3. The lateral displacements of columns at each floor level are constrained together

using a diaphragm connected all nodes on the same floor level.
4. Mass is lumped at beam-to-column joints.

5. Rayleigh damping for mass and stiffness is used with 5% viscous damping in the

first two modes.
6. Accidental torsion is not considered.

In the linear static analysis, the pseudo lateral earthquake loads should be
conducted to respond the typical distribution of inertial forces in the frame structure
subjected to the ground shaking excitation..An estimate of the seismic masses of the

structure has to be made for purposes of determining the lateral earthquake forces.

The masses of 5,101 N/m® (520:kgf/m*) at the floors and 3,532 N/m* (360

kgf/m*) at the roof (added up the dead 10ads from Table 7.1 and the partition load from

Table 7.2) are specified only in a horizontal direction of the building. The seismic

force specified in the Building Seismic Design Provisions of Taiwan code (P Fc3%
=% 2005), presented in Appendix B, is used to estimate the lateral earthquake loads

on the structure.
SMFs with unreinforced connections

In the case of the unreinforced five-story SMF (UR-5F), the approximate

fundamental period can be calculated by the experienced equation of

T.., = 0.085h)"* = 0.085(19)"*=0.77 seconds for steel construction, where 4, is the
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height of the building from the base to the roof level. Meanwhile, the final design of the

UR-5F building conduces the computed fundamental period 7,

womp €qual to 1.05
seconds. As a result, the design fundamental period for calculating the seismic force is

obtained with 7 = min(C, 7, )=1.0 seconds, where C, is 1.3 for S, =0.3.

Xp 2 7—;<>mp
This results in the parameter S, equal to 0.6. Finally, the seismic base shear, V', can
be obtained using Equation B.1:

V= ! SLD W= 1.0 0.6 W=0.163W
1.4ay F . 1.4%x1.2 \ 2.19

u

Considering the structural performance of yielding in the low (medium) ground

shaking, the design seismic force, V", can.be calculated as:

yr_ IF (Sw W:1.0x2.19(0.6)W=0_143W
3.5a, \ F, 3.5x12 \2.19

u

Considering the structural performance of collapse prevention in MCE hazard

level, the design base shear, V,,, is computed as:

Vy =t | Sa | o 10 (0'8)W=0.163W
l4a, \ F, )~ 14x12 (293

At last, the final design base shear of the building is equal to 0.163 W that is the
largest one among ¥, V" and V,,. This seismic force is then applied at each floor
level with the vertical distribution consisting with the first mode response. The lateral

earthquake load at floor level x, F,is determined from the following equation:

X
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F. = (V_HFM (7.7)
i=1 Wihi
and
F =0.07TV (7.8)

where F, indicates concentrated lateral load additionally input at the roof;, W_ and
W. are the portion of W assigned to floor level x or i; h_and A are the height

from the base to floor level x or i.The five-story building is designed for an effective
seismic weight of 34,565 kN and the design base shear per frame is 1,127 kN. Table 7.3
lists the results of the distribution of seismic forces imposed on the floors of the UR-5F

building.

For the unreinforced fiftéensstory SMF.- building (UR-15F), the same design
procedure had carried out to design columnrand /beam members. The experienced

fundamental period 7., and the computed fundamental period 7., are 1.69 and

omp
2.35 seconds, respectively. The design fundamental period of 2.20 seconds is, therefore,
employed to calculate the seismic force determined from Equation B.1. The parameters
S, =0.436 and S, =0.582 are respectively calculated from Equation B.3 of
S,s(I,” /T) and Equation B.4 of S,,(7; /T). Meanwhile, the structural system

reduction factor F, takes the same 2.9 as the parameter R, because the design

fundamental period is larger than 7,”=1.6 seconds. Based on these parameters, the

design base shear of the UR-15F building can be calculated as 0.104 W from the

maximum value of the following equations:
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14x12\ 2.9

oo LB [ Sw | o 10x29 0436, 6 0aw (Control)
3.5x12 \ 2.9
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U 14x12 | 48

Consequently, the design base shear per frame for the fifteen-story building is 2,251 kN,
correlated with an effective seismic weight of 108,226 kN. The lateral earthquake
forces for each floor as applied to the design of the UR-15F building are tabulated in

Table 7.3.

The final designs of member:sizes for UR-SF and UR-15F are shown in Figure 7.2,
respectively. All structural members in the 'same story level had identical column and
beam sizes, controlled by the 1997 UBC story drift limitations. Moreover, strong
column-weak beam criterion was also applied to the design of prototype buildings to

assure that columns will not develop plastic hinges before beams.
SMFs with tapered flange connections

Table 7.4 tabulates the resulting sizes of tapered flanges used for the TF frames.
The TF frames are designated as TF-5F and TF-15F for the five- and fifteen-story
frames, respectively. A similar design procedure that used to design the UR frames was
also employed to design the TF frames. It should be noted that all beams and columns
used in the TF frames have the same member sizes as those used in the UR frames.

Since the sizes of beam members have been decided, the dimensions of tapered flange
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plates can be designed according to the design recommendation in Chapter 6. Two

primary design variables of £, and L, are set to 1.2 and 0.3d,, respectively, in

designing the tapered flange connection.

7.3 Nonlinear Static Pushover Analysis

The pushover analysis documented in FEMA-273 (BSSC 1997) has become a
standard procedure for seismic performance evaluation of structures. The building
models are pushed to some predetermined target displacements those are intended to
represent the maximum roof deformation probably to be experienced during the design
earthquakes. With this nonlinear static analysis, the possible performance of the
structure shall be estimated with either strength or deformation demands at
performance levels of interest. Furthermore, failurésmodes of the structure can be found

by means of the monotonically increasing latetal loading.

7.3.1 Frame modeling and validation

The SMFs subjected to a combination of a triangular lateral load and gravity loads
are modeled in SAP2000. The details of frame modeling are shown in Figure 7.3. The
dead load and half of live load are included in the analyses. P-M interactive effect is
particularly used to all column elements, because these members sustain large axial
forces. It is also considered that all panel zones of the column behave elastic response.
In addition, pushover hinges in all beam elements have to be assigned for performing

the pushover analysis of SAP2000.

The definitions of properties for plastic hinges can directly react on the response of

the pushover analysis. Because of this, two typical subassemblage models shown in
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Figure 7.4, designated as UR-C and TF-C, are developed to reflect the performance of
moment connections used in the UR and TF frames. The tested response of specimen
PK is selected to represent the character of an unreinforced connection, while specimen
W1-L03 is picked out to stand for the connection with a tapered flange. Note that
plastic hinge on UR-C locates at the beam beyond the rigid end zone, whereas plastic
hinge on TF-C is lumped at the tapered zone of the beam as conformed to the location
in the test. Figures 7.5 and 7.6 exhibit the plastic hinge properties of models UR-C and
TF-C respectively, in which five points labeled A, B, C, D, and E are used to define the
moment-rotation relation of the hinge. Specifically, an asymmetric force-deformation
behavior is defined for the unreinforced connection to consider the different failure
modes of the beam top and bottom flanges. However, the degradation of connection
strength resulted from local buckling of beam section is not considered in both models.
For simulating a brittle fracture of the connection, it is assumed that UR-C has
negligible strength beyond the maximumsstrength. On the other hand, it is considered
that the post-peak strength of TF-C can sustain 20% yield strength. Figure 7.7 shows
comparisons between experimentally hysteresis response and numerically monotonic
envelope for models UR-C and TF-C. Reasonable correlation between the predictions

and the test results was obtained.

Based on these analytical results, 2.5% and 2% strain-hardening ratios of beam
members are then used in the UR and TF frames, respectively. All columns use 3%
strain-hardening ratio and P-delta effect associated with the gravity system is
considered in the analysis. The capacity of the beam-to-column connection is set to
3% rad story drift angle for an unreinforced connection and 5% rad story drift angle

for a tapered flange connection. Besides, the span of the beam used in the studied
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frame is twice of that used in the subassemblage, hence the value of the specified
inelastic rotation should be modified as half that used in the subassemblage to receive

the identical connection response.
7.3.2 Evaluation methodology

FEMA-350 (2000) provides a performance-based design procedure for seismic
performance evaluation of steel SMFs. By estimating a confidence level of the
structure under specific performance objectives, the probable seismic performance of
the building shall be obtained. This evaluation methodology is used for the frame
analysis. The confidence level is determined through the calculation of a confidence

parameter, A, given by the equation:

o D,
$C

(7.9)

where D is the calculated demand obtained from:the structural analysis; C is the
capacity of the structure; y represents a demand variability factor; y, represents an
analysis uncertainty factor; and ¢ is a resistance factor that account for uncertainty

and variation inherent in the structural capacity. These uncertainty parameters based
on the probabilistic basis were determined by Cornell et al. (2002) and Yun et al.

(2002).

The values of the parameter A are dependent on the character of the
site-specified probabilistic earthquake hazard. For the building located in Taipei basin,

the hazard parameter, £, shall be modified and calculated as follows:
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h{ S\2s0) j h{ 0.5g j 0.357
51(10/50) 0'35g

where & is the slope of the hazard curve at the hazard level of interest and S, 5,

HS
ln 1(10/50)
r e Hs.w ) 165 1.65

and S5, represent the spectral amplitude for 2% and 10% probabilities of

exceedance in 50 years, respectively. Accordingly, the approximately values of A
can obtained from Table 7.5 and adopt in the following performance evaluation

procedure.

7.3.3 Discussion of analytical results

Two structural performance’levels, Immediate Occupancy (IO) and Collapse
Prevention (CP), are used for evaluating the seismic-behavior of the studied frames.
As defined in FEMA-350 (2000), the performance’ levels of IO and CP represent the
performance for earthquake hazards ‘with 50% and 2% probabilities of occurrence in
50 years, respectively. The target displacements for specified earthquake hazards are
estimated using the procedures described in FEMA-273 (1997). The corresponding 10
and CP target roof drifts (defined as the target displacement over the frame height) are
0.83% and 3.22% rad for the five-story frames, and 0.85% and 2.5% rad for the

fifteen-story frames, respectively.

Nonlinear performance of five-story frames

Figure 7.8 shows the pushover results of normalized base shear versus roof drift
for the five-story frames, in which the base shear is normalized by the effective seismic

weight of the frame. With introducing the tapered flange connections in the frame, the
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initial stiffness of TF-5F is 4% greater than that of UR-5F. The post-yielding strength
of TF-5F is average 4% greater than that of UR-5F. In addition, according to this figure,
TF-5F can perform a stable post-yielding behavior up to 4.2% rad roof drift, whereas
UR-5F subjects the abrupt strength degradation at 2.1% rad roof drift. To identify this
failure mode, the plastic deformation distribution during 2.1% rad drift level was
illustrated in Figure 7.9. As indicated in Figure 7.9, most of plastic hinges formed
between the first floor and the third floor and one exterior connection at the first floor
failed. Both frames formed a similar plastic mechanism at the performance level of T1O.
Figure 7.10 indicates the formation of the plastic hinges for UR-5F and TF-5F at the
roof drift of 3.22% rad (i.e. at the CP performance level). The significant damage on

the connections of UR-5F caused 17% reduction from its maximum strength.

Nonlinear performance of fifteen-story frames

The results of the pushovet analyses for the fifteen-story frames are illustrated in
Figure 7.11. TF-15F has 5.2% increase. of the initial stiffness and 3.5% increase of the
post-yielding strength from UR-15F. It is clear that for UR-15F significant degradation
of frame strength (29.6% reduction in ultimate strength) is observed during 1.5% rad
roof drift. Figure 7.12 shows the distribution of plastic hinges of UR-15F at the roof
drift of 1.5% rad. It indicates that many damaged connections, concentrated at lower
stories of frame between the second floor and the fourth floor, result in notable changes
in the story drift angle of each floor, as shown in Figure 7.13. With the introduction of
these damaged connections, the maximum story drift angle at the weakest floor was

respectably increased from 2.5% to 3% rad.

Figures 7.14 to 7.15 show the distribution of plastic hinges for the fifteen-story

frames at the IO performance level. During 0.85% rad roof drift, plastic hinges with
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minor rotation distributed between the second floor and the seventh floor for both
UR-15F and TF-15F. However, only TF-15F can sustain such high plastic deformation
demand until 2.7% rad roof drift. Figure 7.16 show the distribution of plastic hinges for
TF-15F at 2.5% rad roof drift, with many ductile connections between the first floor
and the fifth floor experiencing the plastic rotation larger than 3% rad. During the CP
performance level of UR-15F, a large number of damaged connections located within
the low rise of the frame, especially between the first floor and the sixth floor as
illustrated in Figure 7.17, resulted in the striking degradation of frame strength (75%
reduction in ultimate strength) below the design base shear. The strength degradation
of TF-15F is observed during the roof drift of 2.7% rad, because the localized story drift
demand exceeded the predefined connection capacity of 5% rad story drift angle.

Figure 7.18 indicates the distribution of plastic hinges for TF-15F at this roof drift.

Confidence levels of studied frames

Table 7.6 tabulates the results-of performance evaluation for the five- and
fifteen-story frames. Figure 7.19 illustrates the structural demands used in the
analytical procedure at the IO and CP performance levels. For the five-story frames,
TF-5F provides the sufficient confidence levels for hazards with 2% and 50%
probabilities of exceedance in 50 years. However, UR-5F has the unsatisfied
confidence levels of only 13% for the local collapse performance. For the
fifteen-story frames, the acceptable confidence levels for TF-15F are observed for the
global and local performance for each hazard level. The frame with UR connections
has only 67% and 1% confidence levels for the global and local collapse performance,
respectively. This is because the fracture of the beam-to-column connections increases

the demand of the UR frame. To sum up, the presence of tapered flange connections
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abounds in the expected ductility of SMFs and suspends critically structural damage
caused by the connection failure. The buildings constructed with UR connections
demonstrate the poor confidence levels for satisfying the 10 and CP performance

levels.
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Chapter 8. Summary and Conclusions

8.1 Summary

Column-tree buildings with welded built-up box columns are one of a popular
choice of structural systems used for steel special moment frames (SMFs) in Taiwan
and Japan. The schemes of column-tree construction result in those critical welding of
beam-to-column joints fabricated in the shop where it is believed to have better quality
control than the field welding. Nevertheless, a number of column-tree connections
failed during the 1995 Kobe earthquake. To achieve the desired ductility of the
column-tree moment connection, this research developed a new type of a tapered flange
connection for column-tree SMFs and particularly evaluated their performance through

numerical and experimental investigationss

The approach of the tapered flange connection is intended to develop an enlarge
plastification in the beam to improve the ductility: of the moment connection. It can
achieve by tapering portions of bean flanges according to the seismic moment gradient.
A series of seventeen finite element models was designed and selected for parametric
evaluations. The cyclic behavior of seven specimens was examined through full-scale
subassemblage tests. Tests began with a specimen with a pre-Kobe column-tree
connection, and followed six tapered flange connection specimens, using the different
web attachment details to reflect applications of the pre-Kobe and pre-Northridge
design practice. A cyclic predetermined displacement history was applied at the tip of
the beam following the prequalification test procedure in AISC. Good observed
performance of these tapered flange connections was found. A design procedure,

therefore, was proposed based on the results of the analytical and experimental studies.
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Analytical evaluations of five and fifteen-story SMFs with tapered flange connections
were conducted. Not only linear elastic but also nonlinear pushover analyses were
conducted with the objective of providing a simple performance evaluation of tapered

flange frames.

8.2 Conclusions

The main objectives of this research are to identify and clarify the design variables
of a tapered flange, to investigate the behavior of the connection under cyclic loading,
and to provide design recommendations for tapered flange moment connections. The

following summarizes the major observations and findings in this dissertation:

Performance of pre-Kobe connection

1. Localized principle stresses and plasticiequivalent strains, concentrated at either
the tips of the beam flange-grooye welds or the root of the WAH, were noticed in
a finite element model of the pre-Kobe.connection. This observation can be
attributed to the cross section of the column and the geometry of the WAH
configuration, respectively. The potential for crack initiation at these locations

are very high, probably causing the beam flange to fracture.

2. The WAHs significantly affect the ductility of a connection. Test of the pre-Kobe
connection specimen demonstrated appropriate ductile behavior of 2.6% rad
plastic rotation but failed in brittle flange fracture at a story drift angle of 4% rad.
Cracks were observed in the fusion zone of the sides of the beam flange groove
weld during the 3% rad cycles; the other crack initiated in the toe of the WAH
during the 4% rad cycles. The primary account dominating the failure of this
specimen is the presence of the WAHSs in the beam web. Using column-tree
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design practice in the connection has little effect on the prevention of the flange

fracture originated from the WAH region.

Effects of tapered flange geometry

1. The behavior of a tapered flange connection is mainly influenced by the length
of a tapered zone in the beam and a flange reinforcement ratio at the
beam-to-column interface, along with the length of a main tapered flange

enlargement and tapered flange extension.

2.  Results of the analytical parametric study revealed the following: (1) higher
flange reinforcement increases the capacity of the CJP groove welds and results
in higher margin of safety at the beam-to-column joint; (2) the larger tapered
zone of the beam flange causes lower plastic strain demand at the CJP welds and
the WAH region; and (3) using the larger tapered flange enlargement can move

away the plastic deformation from:the column face.

Performance of tapered flange connections

1. Analytical examinations of the tapered flange connection exhibited extensive
plastification spread around the tapered region of the beam away from the column

face.

2. Experimental investigations demonstrated that only one of total six tapered flange
connections (specimen W3-LO03) took place unexpected crack initiation and
propagation starting at the fusion zone of the CJP groove weld. No weld fracture
was observed in all of other test specimens. This indicates that using the adequate

width of the tapered flange at the beam-to-column joint can remarkably prevent
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premature flange fracture in welds.

Test results also show that local buckling occasion of the specimens could be
delayed because the tapered beam flange provided an extensive uniform yielding
in the beam. These specimens sustained a sufficient rotation of 5% rad story drift
angle, satisfying the requirements for connections used in SMFs. The ductility of
the moment connection is successfully improved by the application of the tapered

flange.

The extra cost for fabricating such built-up tapered flange connection is relatively
high, compared to the traditional unreinforced connection. However, this new
style of moment connections, using either the column-tree or the pre-Northridge
design practice in the connection; can perform good ductile behavior and result in

the stable energy dissipation.

Implication of frame analysis

1.

The nonlinear static pushover analyses performed in both frames demonstrate
that the globally structural behaviors of steel SMFs, such as strength degradation
and yield sequences, are reasonably evaluated by using the verified connection
models. The pushover analysis, as a result, can be used as an efficient design
procedure for the performance evaluation of buildings under some concerned

performance levels.

SMFs with unreinforced connections exhibited limited inelastic behavior with
the amount of connections failed, which caused 17% and 75% strength reduction
in five- and fifteen-story frames, respectively, at the CP performance level. On
the contrary, large inelastic deformation with a steady post-yielding behavior is
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observed in the TF frames. Significantly, the ductile capability of the TF frames

is larger than that of the UR frames.
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Table 3.1 Parameters used in finite element analysis

Parameter Geometry
I I I Max. width of  Length of
Model " 1 ext beam flange  stub beam
No. ;o (b)) (d)  (d) (mm) (mm) Note
1 1.00 — — — 300 1000 Pre-Kobe type
2 1.05 050 030 0.50 372 760
3 0.50 394 900
4 0.80 430 1110
5 .10  0.50 030 0.50 395 760
6 0.50 416 900
7 0.80 455 1110
8 .20 0.50 030 0.50 440 760 Control model
9 0.25 440 585
10 — 440 410
11 0.50 0.50 463 900
12 0.80 505 1110
13 033 0.30 430 710
14 0.17 422 660
15 1.25 050 030 0.50 460 760
16 0.50 486 900
17 0.80 530 1110
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Table 4.1 Material properties of test specimens

Yield strength, /|, Tensile strength, F,

Member Coupon (MPa) (MPa)
Link beam Beam flange 387 507
Beam web 429 529
Stub beam  Beam flange 371 511
Beam web 373 494
Column  Column flange and web 431 578

Table 4.2 Details of test specimens

L,

Specimen* B (d,) Beam web joint detail
PK — — Fillet welded web
W1-L05 1.20 0.5 Fillet welded web
W1-L03 1.20 0.3 Fillet welded web
W2-L03 1:10 0.3 Fillet welded web
W3-L03 1.05 0.3 Fillet welded web
B1-L03 1.20 0.3 Bolted shear tab
B2-L03 1.10 03 Bolted shear tab

*All specimens consist of an H-shaped H700x300x13x24
beam (dimensions in mm for depth, width, web thickness,

and flange thickness, respectively) and a built-up box
550%x550%28x%28 column.
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Table 4.3 Overview of test results

Beam plastic

rotation (% rad)  Failure mode

Total story drift  Total plastic
Specimen rotation (% rad) rotation (% rad)
PK +4.0 +2.6
—3.0 —1.7
W1-LO5* +5.0 +3.9
—5.0 —4.0
W1-L03* +5.0 +4.0
—5.0 —4.0
W2-L03* +5.0 +4.0
—5.0 —4.0
W3-L03 +4.0 +2.7
—5.0 —3.9
B1-L03* +5.0 +4.0
—5.0 —4.0
B2-L03* +5.0 +3.9
—5.0 —4.0

+2.4
—14
+3.9
—4.0

+4.0
—4.0
+3.9
—3.9
+2.6
—3.8
+3.9
—3.9

+3.9
—4.0

Brittle fracture

Local buckling

Local buckling

Local buckling

Brittle fracture

Local buckling

Local buckling

*Test was stopped due to the stroke limitation of the actuator.

Table 5.1 Percentage of beamshear force for specimen W1-L03

Distance from column face (mm)

Drift level  Shear component 20 200 410 760
0.5%rad  Beam web (%) 52 91 95 95
Beam flanges (%) 48 9 5 5
4% rad Beam web (%) 58 93 95 98
Beam flanges (%) 42 7 5 2
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Table 7.1 Dead loads for studied buildings

Equivalent
uniform load
Description (N/m?) (kgfim*)

Slab (15 cm deep, lightweight concrete) 1,766 180
Metal deck (thickness of 1.2 cm, ALK 12) 147 15
Ceiling 245 25
Mechanical/Electrical 491 50
Fireproofing 98 10
Raised floor 589 60
Asphalt paving (only impose at roof) 785 80
Curtain wall 785 80
Total Roof 3,532 360

Floors 4,120 420

Table 7.2 = Live loads fot studied buildings

Equivalent
uniform load
Description (N/m?) (kgf/ m*)
Office occupancy 2,943 300
Partitions 981 100
Total Roof 2,943 300

Floors 3,924 400
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Table 7.3 Distribution of design seismic forces for studied frames

Model Floor Lateral earthquake forces Story shear forces

name level (kN) (kN)
UR-5F 5 333 333
4 300 633

3 232 865

2 165 1030

1 97 1127

UR-I15F 15 514 514
14 226 740

13 210 950

12 195 1144

11 179 1323

10 163 1486

9 148 1634

8 132 1766

7 116 1882

6 101 1983

5 85 2068

4 69 2137

3 54 2191

2 38 2229

1 22 2251

Table 7.4 Tapered flanges used in studied frames

Tapered flange size

b S Ltap L, L,,

Model name Beam size (mm) (mm) (mm) (mm)
TF-5F H500x300x10x20 407 150 150 50
H600x300x 12x25 413 180 150 50
TF-15F H600x300x12x25 414 180 150 50
H700x300x13x24 425 210 150 50
H750x350x 14x25 500 225 175 50

69



0L

Table 7.5 Confidence levels for different confidence parameters A with hazard parameter k =4.62

Uncertainty Confidence level
Pur 2% 5% 10%  20% 30% 40% 50% 60% 70% 80%  90% 95%  99%
0.1 1.26 1.21 1.16 1.11 1.08 1.05 1.02 1.00 097 094 09 0.87 0.81
0.2 1.65 1.52 1.42 1.30 1.22 1.15 1.10 1.04 099 093 085 079 0.69
0.3 228  2.02 1.81 1.58 1.44 1433 1.23 1.14 1.05 096 084 075 0.61
0.4 329 279 242 203 1.78 1.60 L45 1.31 1.17 1.03 087 0.75 057
0.5 497 406 338 271 2,325 202 1.78 1.57 1.37 1.17 094 | 0.78  0.56
0.6 787 6.16 496 3.8l 3.15, 572,67 - 230 1.97 1.68 1.39 1.06 086  0.57
Example:

For the case of TF-15F at the global CP performance level, given
Uncertainty coefficient f,,=0.5

Confidence parameters A =0.96

Using linear interpolation between 0.94 (the corresponding confidence level=90%) and 1.17 (the corresponding confidence
level=80%), the confidence level of 89% can be found.



Table 7.6 Confidence level evaluation for studied frames

Performance Confidence level (%)
Model name level D C A Analysis Code
UR-5F 10 (Global)  0.011 0.020 1.12 46 50
10 (Local) 0.011 0.020 1.24 49 50
CP (Global)  0.045 0.100 0.63 98 90
CP (Local) 0.045 0.030 1.98 13 50
TF-5F 10 (Global)  0.010 0.020 1.02 64 50
10 (Local) 0.010 0.020 1.13 61 50
CP (Global)  0.045 0.100 0.63 98 90
CP (Local) 0.045 0.050 1.19 62 50
UR-15F 1O (Global)  0.013 0.020 1.24 28 50
10 (Local) 0.013 0.020 1.38 36 50
CP (Global)  0.064 0.085 1.43 67 90
CP (Local) 0.064 0.030 3.38 1 50
TF-15F IO (Global)  0.011 0.020 1.05 58 50
10 (Local) 0.011 0.020 1.16 58 50
CP (Global)  0.043 0.085 0.96 89 90

CP (Local) 0.043 0.050 0.97 56 50
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Box column
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Figure 2.1  Connection details between H-shaped beam and welded built-up box
column.
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Figure 2.2 A schema of SESNET electroslag welding.
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Figure 2.3 Examples of reinforced moment connections.
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(a) (b)
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Beam flange g
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Figure 2.6 Weld access hole configurations: (a) a quarter-circular shape; (b) a
modified shape recommended by FEMA-350.
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Figure 2.7 Steel column-tree moment frame
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(a)
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Figure 2.8 Typical pre-Kobe column-tree connections: (a) Through-diaphragm
connection; (b) Interior-diaphragm connection.
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Widened flange

Figure 2.9 Widened flange connection configuration. (Chen et al. 2006)

= [V e eE | VY e
s /= s Y~ o
E | | | | E | | | (
1) | | | | 1) | | | |
£ i il / £ [ 10
E 0 [ / | | | E 0 | | | |
3 [ ] 1y 3 [ [ |
Y @
N | ‘ | X ‘ | ‘ |
E ‘ | E ‘ .
E-l'***’* - T E-l‘*** — TTTT a7
=) | | | =) | | |
z b l l z l ! l l
6 4 -2 0 2 4 6 6 4 -2 0 2 4 6
Total plastic rotation (% rad) Total plastic rotation (% rad)

Figure 2.10  Normalized moment versus total plastic rotation curves for specimens
W10-L2 and WOS8-L1. (Chen et al. 2006)
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Figure 2.11  Geometry of tapered flange connection

(a) (b)
/ Box column / Box column
Link beam Link beam

Ve | | / | |
\\ Stub beam with i L Stub beam with i
tapered flange : widened flange :
M, Flexure capagcity ? Flexure capacity ;E
s =y M, ;
b1 ~ i~ I = I~ ~ I
= Moment demand.i = ~ Moment demand |
1 T~ ~ i - ~ - i
g ~ ~ \ i £ \ i
2 -~ i s T~< i

= ~ \l = ~

I

Figure 2.12  Comparison with seismic moment demand and flexure capacity: (a) for
tapered flange connections; (b) for widened flange connections.

79



OF

RL

I

(Prisr option)

hr
MM
B=]
=8
g2 ¥
(=11
oo
Wz
B E
EE
& i
[caluval

1

KEYOPT(4)

{ Tetrahedral Option -

nuot recormnended)

Sirface coordindts systeTn

structural solid element SOLID45 (ANSYS 2002)

D

Geometry of 3

Figure 3.1

Monotonic

ymmetric

~— Pinned support

Link beam

H700%300%13x24

550%550x28%28

Boundary conditions and meshes of finite element model.

Figure 3.2

80



Beam top flange

5 mm \ R,=10 mm

Ri=30 mm

Beam web
10 mm

10 mm
Beam web
R;=30 mm

/ R,=10 mm

Beam bottom flange

5 mm

35°

81



(a)

Box column

=

CJP groove weld

/ Column-tree

Weld access hole

| CIPweld \/®
\\\

(b)

{ Box column
Root of WAH

CJP weld ||

Weld access hole

T

Figure 3.4 Critical sections of pre-Kobe connection: (a) at CJP groove weld; (b) at
root of WAH.
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Figure 3.6
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Figure 3.7 Effect of length of main tapered flange reinforced part L, on PEEQ
indices at 4% rad story drift angle.
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Figure 4.4 Overall view of test setup
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Figure 4.7 Failure mode of typical pre-Kobe specimen PK.

W3-L03

Figure 4.8 Fracture of beam flange groove weld of specimen W3-L03 at 4% rad
story drift angle.
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(b)

Tapered

Figure 4.9 Plastic hinge formation followed by local buckling at 5% rad story drift
angle: (a) specimen W1-LO05; (b) specimen W1-L03.
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Figure 4.10  Slight cracking at root of weld access hole of specimen B1-L03 at 4%
rad story drift angle.
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Figure 4.11  Local buckling of beam flanges and beam web at 5% rad story drift
angle: (a) specimen B1-L03; (b) specimen B2-L03.
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Figure 5.5 (continued)
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Figure 5.6 Normalized shear stress distributions along beam web depth at 0.5% rad story drift angle.
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Figure 5.7 Normalized shear stress distributions along beam flange width at 0.5% rad story drift angle.
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Figure 5.12 Normalized longitudinal stress distributions along beam web depth at 4% rad story drift angle.
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Analytical models for prototype buildings: (a) model UR-5F; (b) model

TF-5F.
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Figure 7.5 Properties of pushover hinge for model UR-C used in SAP2000.
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Figure 7.6 Properties of pushover hinge for model TF-C used in SAP2000.
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127



Story level

Figure 7.13

15

) UR-15F
— post-peak strength
H - = at peak strength
1

10
5 -

0 1 1

0 1 2 3 4

Story drift angle (% rad)
Story drift angle of UR-15F at 1.5% rad roof drift.

Plastic hinge

rotation (rad)

° e 0.1%~0.25%
- o 0.25%~0.5%

® 0.5%~1%

® 1%~2%

. @ 2%~3%
. ® >3%

¢2¢  Fracture

[

ez

[ ]

ez

ez

[ ]

ez

e

Figure 7.14  Distribution of plastic hinges for UR-15F at 1O level (0.85% rad roof

drift).

128



Figure 7.15
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Figure 7.17
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Appendix A Design Example

To clarify the design procedure in Section 6.2, the following steps are presented
to design the tapered flange for an H700x300%13x24 beam (A572 Grade 50 steel),

with 8 m clear span. The H700x300%13x24 beam section properties: d,=700 mm,

b, =300 mm, t,=13mm, t, =24 mm, Z,=6.25x10° mm°.

1. Determine beam expected plastic flexural strength, M

M, =C,RFZ =12x1.1x345 MPa x 6.25x10° mm® = 2846 KN -m

proyty

2. Calculate design flexural strength at the end of the tapered zone, M, .,
R T (R )
M ptap pr
Lb - (Lwl + LWZ + Ltap)
~ 4m—(0.15+0.05):m
4m-(0.15+0.05+0.21) m

x 2846 KN -m =3013kN-m

3. Calculate the beam flange width at the-end of the tapered zone, b ,,

bf ap = Zb,tap _Zweb _ (M p,tap/ CeryFy) _Zweb
o, )t (d, —t)t,
(3013KkN -m/1.2x1.1x 345 MPa) —1.38x10° mm?®
h (700 — 24) mm x 24 mm

=323 mm

4. Calculate design flexural strength at the beam-column interface, M ;

ﬂ' L M r
Mp,j :/Bj |\/ldem,j = L= :
Lb_(Lw1+LW2+L[ap)
 1.2x4mx 2846 kN-m
4m-(0.15+0.05+0.21) m

=3805kN-m

5. Calculate the width of the flange enlargement at the beam-column interface, by ;
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2y Zw _ (M,;/CouR,F)=Z e
H (db_tf)tf (db_tf)tf
(3805 kN -m/ 1.2x1.1x 345 MPa) —1.38x10° mm®
B (700— 24) mmx 24 mm

=430 mm

6. Determine tapered flange extension L, and R

ext

L, =0.5d, =350 mm

R=L,, =0.5b; =150 mm
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Appendix B Design Base Shear for Building

The design base shear, V , specified in the Building Seismic Design Provisions of

Taiwan code (2005), is determined using Equation B.1.

Vot [So ]y (B.1)
1da, | F, ).

u

and the permitted values of [SFLDJ are

u

SLD : SLDSO.s
I:u u
S0 = 0.5ZSLD+O.144 X 0.3<SLD<0.8 (B.2)
I:u m I:u Fu
0.7OSLD ; SLDZO.S
I:u Fu

where S, represents the mapped spectral response acceleration parameter, evaluated

for the site-specified Design Earthquake (DE) hazard level; | is occupancy
importance factor, |1 =1.0 for office occupancy; W represents the total weight of

building; «, is initial yield factor of seismic force, «,=1.2 for steel constructional

system; and F, is structural system reduction factor of seismic force.

For the building located in Taipei basin, the mapped site-specified response
acceleration parameters for evaluation of earthquake demand for the DE hazard level,

S,o, and Maximum Considered Earthquake (MCE) hazard level, S, , can be

computed from Equation B.3 and Equation B.4.
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Sps (0.4+3T/TP) ; T<0.2TpP

S ;. 0.2TP <T<TP

S = DS 5 O o < oD (B.3)
Sps To> /T ;. TP <T <25T,
0.4S . ; 25T° <T

Sys (0.4+3T/TM) ; T <021

S ©02TM <T<TM

S, = sMSTM el <=t (B.4)
ws To" /T ;T <T <2.5T,
0.4S,, . 25TM <T

where S,; and S, represent the mapped short-period response acceleration
parameter, evaluated respectively for the site-specified DE and MCE hazard level. The
parameters S,; of 0.6 and S, of 0.8 were adopted since the building site was
assumed to locate in Taipei seismic zone'4:T,> and T, are the boundary period

between a short period and a middle period and equalto 1.6 seconds for this design case.

T is the fundamental period of:the building.

The structural system reduction factor, F; ; can be determined from Equation B.5:

R, L TeTP
_ D
1/2Ra—1+(Ra—,/2Ra—1)><-r02% . 06TL<T<TP
F, = 0 D D (B.5)
J2R. -1 . 0210 <T <0.6T,
_ D
JR 1R 122 ot
0.27,

where R, is allowable ductility capacity of structural system. For Taipei basin, this

value can be calculated from Equation B.6, below:

R, 1. RD
2

(B.6)
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where the ductility capacity of structural system R of 4.8 is used for steel SMF system.

Therefore, F, is calculated using Equation B.5 of 2R,-1 with R, =2.9.

u

Eventually, the seismic base shear can be calculated by using the above parameters.
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